Abstract Freshwater and sediment are crucial to the development and health of aquatic and wetland ecosystems in deltaic coastal regions. This study examines the long-term freshwater inflow and total suspended solid loading , and their relationships with climate variables in three major river watersheds to Lake Pontchartrain, the largest inland estuary in the USA. The results show an average total annual freshwater inflow of 5.04 km 3 and an average total annual sediment loading of 210 360 t, with the highest contributions from the Amite River watershed. Over 69% of annual inflow occurred within the six months from December to May. About 66-71% of the annual total suspended solid loading occurred within the four months from January to April. An increasing trend of annual water inflow and sediment discharge was found in the Amite River watershed over the past 60 years, coinciding with the fastest population growth in this upper Lake Pontchartrain basin.
INTRODUCTION
Lake Pontchartrain and its surrounding sister lakes comprise the largest estuary system along the northern coast of the Gulf of Mexico, USA (Penland et al., 2002) . The entire drainage area for the lake is a 12 170 km 2 watershed, encompassing 16 parishes in southeastern Louisiana and four counties in southwestern Mississippi. Nearly 1.5 million people live around the 1619 km 2 lake, which supports numerous species of fish, birds, mammals and plants. As with many lakes in the world, fast population growth and rapid urbanization over the past 50 years have increased the potential of environmental degradation and wetland loss in the Lake Pontchartrain region (Howarth et al., 1991) . Water quality and freshwater inflow from the upstream watersheds have become among the most critical issues in environmental management and restoration efforts for the basin region (Calvert & Emmer, 1992; Day et al., 2000; Mossa, 1995; LDEQ, 2000) .
In a recent study on relationships between fish habitats and environmental variables in Lake Pontchartrain, O'Connell et al. (2004) found that the fish assemblages collected by trawls in the lake have changed over the past 50 years. Changes in the fish assemblages from nearshore and pelagic habitats were closely related to environmental fluctuations. From a study on suspended solids in the upper Lake Pontchartrain basin, Smith (1992) showed substantial variations of streamflow and water quality from several north shore streams. Low dissolved oxygen concentrations (<5 mg L -1 ) were found during summer periods in the downstream stations of the Amite River (Ismail et al., 1998) . Using a five-year water quality data set (1986) (1987) (1988) (1989) (1990) (1991) , Smith (1994) reported a significant increase in instream concentrations of lead and total dissolved solids from the Amite River. Templeton (1998) made an effort to connect human activities, quantified by population, total income, and per capita income, with streamflow in a sub-watershed within the Amite River watershed. However, due to the high correlation of economic and demographic variables within the multiregression analysis, a statistically sound relationship between population variables and streamflow was not found in his study. The Amite River watershed has Fig. 1 Study area and the locations of three USGS gauge stations (07378500, 07376000, and 07375500), three LDEQ water quality monitoring sites (43, 116, and 33) and eleven weather stations in the watersheds.
been recognized as one of the basins that contributes a large amount of freshwater to Lake Pontchartrain. It has also experienced the greatest land-use change in the region due to population growth and urbanization. Water quality degradation in the region has been attributed to urbanization-fuelled land-use changes and hydrological alterations, such as sand and gravel mining, urban runoff, sewage treatment plant discharges and flood controls (LEDQ, 2000; Mossa & McLean, 1997; Vernon et al., 1992) .
Although a number of studies on stream discharge and water quality within the Lake Pontchartrain basin have been published, there has been no comprehensive investigation of the long-term trends of freshwater and sediment inflows from the major river watersheds to the lake estuary during the past decade. Researchers (e.g. Day et al., 2000; Turner et al., 2002; Shaffer et al., 2004) have recognized that riverine freshwater inflow and suspended solid loadings are among the most important factors in maintaining environmental integrity and restoring degraded wetlands in the Lake Pontchartrain drainage basin. However, there is a lack of knowledge as to how the freshwater and sediment inflows fluctuate seasonally and inter-annually, and how closely those variations are associated with climate variables and population growth in the region. Such information is critical for coastal resource planners and managers to develop best management practices for maintaining desirable environmental conditions within the basin.
The purpose of this study is to provide a detailed examination of long-term freshwater inflow and sediment loading from the three major river basins to the Lake Pontchartrain estuary. The specific objectives of the study are: (a) to quantify monthly and annual freshwater inflow and total suspended solid loadings for the past several decades; (b) to investigate seasonal and inter-annual variability of the freshwater inputs; and (c) to determine relationships among freshwater input, total suspended solid loadings, hydrometeorological variables, and population growth in the upper Lake Pontchartrain watersheds.
METHODS

Study area
The study area comprises the Amite River, the Tickfaw River and the Tangipahoa River watersheds, with a total drainage area of 8728 km 2 . These basins are the three major tributary watersheds to the Lake Maurepas-Pontchartrain estuary system (Fig. 1) . Elevation in the drainage area ranges from sea level in the south to 150 m a. s. l. in the northern reaches. The long-term annual average air temperature is about 19°C, with the lowest monthly average at 12°C in January and the highest monthly average at 28°C in July. The long-term annual average precipitation is about 1600 mm, varying from 1108 to 2178 mm. The highest monthly average precipitation in the area occurs in July (159 mm), while the lowest is in October (86 mm). Generally, the monthly precipitation is evenly distributed, although winter and spring are the seasons when regional flooding often occurs (Rohli & Grymes, 1995) .
Forest and agricultural lands are the two major land-use types in the region. About 58% of the total land area of the Amite River watershed is covered by forests. The Tickfaw and Tangipahoa river watersheds have a forest cover of 66 and 54%, respectively. The Amite River watershed has the highest percentage of urban area, compared to the Tickfaw and Tangipahoa river watersheds (Table 1) . Dominant soil types in these watersheds are Tangi-Ruston-Smithdale, Toula-Tangi, and MyattGuyton (USDA ARS, 1991).
Data collection
Data used in this study included mean daily discharge, monthly water quality, climate, topography and population census data. Daily discharge data were collected from three US Geological Survey (USGS) gauge stations near the mouth of each of the three rivers by way of the USGS National Water Information System website (NWISWeb). The data covered the periods 1938-2002 for the Amite River (near Denham Spring, USGS 07378500, Fig. 1 , 1998) . Eleven weather stations in the study area were used for estimating monthly and annual average precipitation and long-term trends in the area. Daily precipitation was obtained from the National Climatic Data Center (NCDC).
For each of the three watersheds, a 1:250 000 scale digital elevation model (250K DEM) was retrieved from the Better Assessment Science Integrating Point and Nonpoint Sources (BASINS) 3.0 package, a GIS-based interface developed by the US Environmental Protection Agency (US EPA, 2001). A single DEM coverage for the entire study area was then created with ArcView by merging three individual DEM layers together. Another GIS layer of Louisiana towns was laid over the three watersheds. Any city, Census Designated Place (CDP), town, or village was selected if located within one of three watershed boundaries. A total of ten cities, two CDPs, and five towns or villages were found in the Amite, Tickfaw and Tangipahoa river watersheds. Population census data from 2000, 1990, 1980, 1970 and 1960 were collected from the US Census Bureau and Louisiana State Census Data Center.
Data analyses
With the 250K DEM data sets, BASINS 3.0 was used to delineate the boundaries of the three studied watersheds. Monthly and annual average precipitations were calculated from data collected at the 11 raingauge stations, from 1948 to 2000. Monthly and annual average water yields (WY) in km 3 were calculated using the daily mean discharge. Monthly and annual mean runoff (R) in mm was calculated by dividing the monthly and annual water yield by the delineated watershed area (BASINS_area in km 2 ), as given below:
Annual water yield for the entire watershed (WY entire ) was calculated with an areaweighted method:
where C is the ratio of total watershed area to the delineated watershed area.
Monthly TSS loadings in the watersheds were estimated by multiplying monthly water yield with TSS concentration. The monthly TSS loadings were then summed up to provide annual TSS loadings. Annual TSS loadings for the entire watershed were estimated using an area-weighted method. Monthly TSS yield (t km 2 ) was calculated by dividing monthly TSS loadings over the total watershed area.
For the Amite River at Port Vincent, the earliest river discharge data were available starting from October 1984, while the earliest data on TSS concentrations at the same sampling site were available starting from March 1978. Therefore, monthly water yields used in the calculation of monthly TSS loadings for 1978-1984 at the Port Vincent station were estimated based on a simple linear regression with the monthly water yields at Denham Spring, which is located about 15 miles north of Port Vincent: monthly WY at Port Vincent = 18890464 + 0.909 × monthly WY at Denham Spring (r 2 = 0.90).
A log-linear regression model was developed for each of the three watersheds to estimate missing values of monthly TSS loadings due to missing data for concentrations of TSS. The regression models for the Amite, Tickfaw and Tangipahoa rivers, respectively are: 
where S is monthly TSS loadings, and WY is monthly water yield. A parametric trend test (Lins & Slack, 1999; Lindström & Bergström, 2004 ) was used to examine long-term patterns of annual precipitation and water yield. Linear regression models were also used to investigate relationships between precipitation and water yield, runoff, and TSS loadings. The Shapiro-Wilk test was used to test the normality of residuals for the variables. Two-sample t tests were used for the comparison between the watersheds of the means of variables of interest. Population density was calculated by dividing a total population by the total watershed area. All statistical analyses were performed using the SAS software package (SAS Institute Inc., 1996) .
RESULTS
Long-term freshwater inflow
Long-term daily discharge averaged 59.0, 10.9 and 32.9 m 3 s -1 in the Amite, Tickfaw and Tangipahoa rivers, respectively. Average annual water yields of the rivers (in the same order) to the Lake Maurepas-Pontchartrain estuary were 2.76, 1.01 and 1.27 km 3 year -1 , resulting in a total annual water yield of 5.04 km 3 year -1 (Table 2 ). For (2)). b Percentage contribution of water yield from each of the three tributaries to the annual total. 1941 1946 1951 1956 1961 1966 1971 1976 1981 1986 1991 1996 the past 60 years, a significantly increasing trend of both annual water yield in volume (p = 0.0318) and annual runoff in depth (p = 0.0055) was found in the Amite River. In the Tickfaw and Tangipahoa rivers, however, neither an increasing nor decreasing trend in water yield was found to be statistically significant (Table 3 and Fig. 2) . A distinct seasonal pattern with higher river discharge during the winter and spring months and with lower discharge during the summer and autumn months was found in all three watersheds (Fig. 3) . About 74% of the annual water yield in the Amite River occurred in the six months of December-May. During the same period, the Tickfaw and Tangipahoa rivers also discharged 73 and 69% of their annual total water yields.
Long-term total suspended solids loadings
Long-term average concentrations of TSS were 46, 23 and 29 mg L -1 in the Amite, Tickfaw and Tangipahoa rivers, respectively. This study shows a statistically significant higher concentration of TSS in the Amite River than in the Tangipahoa and Tickfaw. The difference in TSS concentration between the Tickfaw and Tangipahoa rivers was statistically insignificant.
Annual TSS loadings from the Amite, Tickfaw and Tangipahoa rivers averaged 141 074, 18 278 and 51 008 t year -1 (Table 4 ; Fig. 4) , respectively, resulting in a total annual average of 210 360 t of TSS from the three watersheds into Lake Pontchartrain. Annual mean TSS yields (sediment loading per unit watershed area) from the three river watersheds were 29.3, 9.6 and 25.4 t km -2 year -1 . The differences in annual average TSS loadings and discharges among the three rivers were statistically significant.
A seasonal pattern of higher TSS concentrations during the late winter and early spring (January-April), and lower TSS concentrations during the summer and autumn (May-November) was found (Fig. 5 ). There were large variations in both monthly TSS concentration and yield over the years, and about 75% of the annual TSS yields from the watersheds were produced during the first half of the year. 
Relationships among runoff, TSS yield and precipitation
Monthly runoff was not closely correlated with monthly precipitation, but there was a close relationship between annual runoff and annual precipitation in all three watersheds (Fig. 6 ). Over 80% of interannual variations in the runoff could be explained by the annual precipitation (Table 5 (a)).
The relationship between annual TSS yield and annual precipitation was weak, with r 2 ranges of 0.36-0.43, although the parameters in the linear relation regression did appear to be statistically significant (Table 5(b) ). However, a stronger relationship between annual TSS yield and total precipitation for January-April was found in all of the three watersheds studied (Table 5 (c)). Table 5 Regression analyses of (a) annual runoff, R and (b) annual TSS loading, S vs annual precipitation, P, and (c) annual TSS loading, S vs total precipitation, P, for January-April in three river watersheds of the Lake Pontchartrain basin. 
DISCUSSION
Long-term trends in annual water yield have been found to be related to climatic and land cover changes. While increased streamflow patterns and associated precipitation trends have been witnessed (McCabe & Wolock, 2002) , many studies have also shown a profound impact of population growth and urbanization-fuelled land-use changes on long-term water yield patterns (Collins & Knox, 2003; Mauget, 2003) . In this study, a significantly increasing trend in annual water yield was found in the Amite River over the past 60 years. However, a significant difference in the annual water yield was not evident for the same period in the Tickfaw and Tangipahoa rivers. Nor was a significant increase in annual precipitation found for any of the watersheds in this study area (data not shown). These results suggest that the pattern of significantly increased annual water yield in the Amite watershed was caused by urbanization in the area, which is represented by population density in many studies (e.g. Arnold et al., 1987; Dale, 1997; Vörösmarty et al., 2000; Karl & Trenberth, 2003) .
In 1960 the Amite River watershed had a population density of 4.8 persons per km 2 (Table 6 ). By 2000, this had changed to 10.8 persons per km 2 , representing a 125% population increase over the past 40 years. In the same year, the Tickfaw and Tangipahoa river watersheds showed a population density of 1.1 and 5.7 persons per km 2 , respectively (Table 6) . By 2000, their population densities had barely changed-1.3 and 5.9 persons per km 2 , respectively-representing increases of 8.1 and 3.5% since 1960. Therefore, the long-term change in water yield among the watersheds appears to be associated with the population growth trends, as the Amite River watershed experienced the largest increase in both water yield and population density during the past 40 years.
The higher annual water yield and higher total suspended solid concentration in the Amite have also resulted in a much higher TSS loading (147 t year -1 ), when compared to the Tickfaw (18 t year -1 ) and Tangipahoa (51 t year -1 ). Taking the difference in watershed size into account, the annual TSS yield was still highest in the Amite River watershed (29 t km -2 year -1 ), as compared to those in the Tickfaw (10 t km -2 year -1 ) and Tangipahoa (25 t km -2 year -1 ) watersheds. Increased availability of sediment sources, especially on sites with severely disturbed surface soil and also directly or indirectly connected to channel instabilities and alterations, could lead to a higher risk of soil erosion (Mossa & McLean, 1997) . In the Amite River, instream channel mining of gravel and sand has been identified as one of the major sources of sediment loading, which was correlated to higher TSS loadings in streams (LDEQ, 2000) . In the Tickfaw, however, the lowest TSS loading may be attributed to minimal stream channel sediment sources in the watershed. Significant surface soil disturbance and channel-bank erosion has often been closely associated with urbanization-induced land-use changes, such as conversion of natural forests to pine plantation, cropland and impervious lands (Nelson & Booth, 2002; Nilsson et al., 2003) .
In the Amite river watershed, the population density, an often-used indicator of urbanization in similar studies (Lu & Higgitt, 1999; Biggs et al., 2004) , has more than doubled since 1960, reaching 10.8 persons per km 2 in 2002. In the other two watersheds, however, increases in population densities were less then 20% during the past 40 years (Table 6 ). The study suggests that the annual TSS loading in a 10-year interval in the three studied watersheds is clearly associated with population density patterns: the annual TSS yield increased as the population density increased (Fig. 7) . Another possible reason for higher TSS loading in the Amite River watershed could be related to soil texture. Loess soil, a fine wind-blown sediment, occupies nearly 50% of the Amite River watershed area. Thus, vulnerability to severe erosion (without adequate vegetation cover) may also contribute to higher suspended solids discharge.
Our study shows that over 69% of the annual water yield occurred in the six months from December to May and over 66% of annual TSS loadings occurred in the four months of January-April. Temporal variation of seasonal water yield was most likely caused by seasonal patterns of evapotranspiration (ET), considering the relatively even distribution of precipitation in the study area. In subtropical regions, ET is generally lower even with higher soil moisture availability, due to low air temperature and higher humidity during winter and early spring. Therefore, high proportions of precipitation become discharge through surface runoff. With higher air temperature during the growing season, ET increased, resulting in a decrease in monthly discharge. Since TSS loadings were estimated through water yield and TSS concentration, the seasonality of TSS loading was also associated with seasonal variations in TSS concentration and water yield.
Soil erosion is a function of the eroding power of wind, raindrops, running water and moving earth mass, as well as the erodibility of the soil itself. While climate (especially, precipitation), soil and geomorphology (slope and length) are the most important influences on erosion, vegetation cover can mostly counteract the erosion effects of climate, topography and soil characteristics (Hofmann & Ries, 1991) . For instance, a 25-75% larger concentration of dissolved solids was observed in a burned watershed by Gerla & Galloway (1998) , who used two temporary sampling stations, one in a burned and another in an unburned watershed, near the Yellowstone National Park. During the spring months, when vegetation cover is sparse and agricultural disturbances are likely, soil is more vulnerable to erosion resulting in higher concentration of TSS in all three watersheds. However, during summer months, heavy vegetation cover and decreased surface runoff from a decrease in precipitation help prevent soil erosion and retard sediment loading into a stream, thus leading to a considerable decrease in concentration of TSS.
The average concentration of TSS in the late winter and early spring (JanuaryMay) were 2.01, 1.36 and 1.56 times higher than those in the rest of the year (JuneDecember) in the Amite, Tickfaw and Tangipahoa rivers, respectively. Since considerably greater annual TSS loading occurred in the late winter and early spring months, a higher r 2 value was found in linear regression models of annual TSS loading and total precipitation for January-April in all three watersheds, compared to the models of annual TSS loading and annual precipitation (Table 5(b) and (c)). Although annual TSS loading could be more accurately predicted with precipitation from a specific time of year, the results indicated the complexity of TSS loading as suggested by Tuan & Shibayama (2003) in other regions. Multiple analyses of climatic, topographic, vegetative and channel morphological parameters would be helpful in building a statistically sound relationship between TSS loadings and precipitation, on either an annual, a seasonal, or a monthly basis. The higher concentration of TSS and greater TSS loadings in the Amite River during spring months implied a higher risk of soil erosion and nutrient loss in a watershed with highly intensive, more developed land-use types and practices. Furthermore, it also indicated one of the alternative timings for erosion control, which is critical in designing and implementing many types of Best Management Practices.
As has been documented for many river basins (e.g. Karl & Riebsame, 1989; Miller & Russell, 1992; Kletti & Stefan, 1997) , significant linear relationships between annual runoff depth and annual precipitation were found in the three watersheds. The results showed that more than 80% of the variation in annual runoff could be explained by changes in annual precipitation, with r 2 of 0.85, 0.80 and 0.82 in the Amite, Tickfaw and Tangipahoa river watersheds, respectively (Table 5(a)). The results suggested that a 1% increase in annual precipitation would result in a 3.8% increase in annual runoff in the Amite River, slightly greater than the 1.5-2.5% national average based on 1337 watersheds (Sankarasubramanian & Vogel, 2003) . At a given annual precipitation, the results showed that the annual runoff in the Tangipahoa was consistently about 70 mm greater than that in Amite River watershed. As has been shown in this study, the difference was found mainly during the summer and autumn months (May-November), and is possibly caused by differences in ET, baseflow and topographic features (Fig. 3(b) ).
